Abstract Irrigation periods are usually limited to vegetation periods. The quality requirements for treated wastewater for disposal and for reuse are different. The reuse of water for irrigation allows partly the reuse of the wastewater's nutrients (N and P). Outside the irrigation period the water must be treated for disposal, thus nutrient removal is often required in order to avoid detrimental effects on the receiving surface water body. Only wastewater treatment plants with different operation modes for different seasons can realise these requirements. The nitrification is the most sensitive biological process in the aerobic wastewater treatment process. At low water temperatures the nitrifying bacteria need several weeks to re-start full nitrification after periods without NH 4 -removal. Therefore it is necessary to develop options for waste water treatment plants which allow a fast re-start of the nitrification process. Based on theoretical considerations and computer simulations of the activated sludge treatment process, one possibility for implementing a wastewater treatment plant with different seasonal operation modes is evaluated.
Introduction
In many countries the water demand for irrigation exceeds local supplies. Beside the increasing use of inadequately treated municipal wastewater for irrigation in many countries, irrigation with treated wastewater in agricultural, landscapes and at recreational areas, such as sport grounds, golf courses, etc. is a well accepted practice. Compared with potable water, the quality demands for irrigation water are low, although standards are country specific different.
Quality standards depend on the reuse applications especially on the kind of crops, on soils and irrigations techniques as well as on considerations for the protection of public health. The requirement of nutrient removal from water used for irrigation is discussed controversial. Whereas in some countries nutrients have to be removed from the waste water, others like to take advance of nitrogen and phosphorus as fertilizers. Latter leads to different treatment objectives throughout the year. Within the irrigation periods nutrients could remain in the treated water. Outside the irrigation period the water must be treated for disposal, thus nutrient removal may be required in order to avoid detrimental effects on the receiving surface water body.
In this paper, some aspects of nutrient and water demand are given first. Afterwards a process concept for a wastewater treatment plant with different seasonal operation modes is suggested. Finally, some simulation results and conclusions are presented. nutrient removal, the effluent concentrations are about 50 to 54 mg/l for ammonium-N (loss of 3 mg/l by settling in the preliminary clarifier and 0.02·C COD to 0.025·C COD by incorporating into biomass) and about 7 to 8 mg/l for phosphorus (ATV-DVWK-A 131, 2000) . In treatment plants with nutrient removal the inorganic N-concentrations are in between 10 to 15 mg/l and the phosphorus concentration is below 0.5 to 1 mg/l depending on the size of the treatment plant.
As in Germany only 237,000 ha of agricultural area were irrigated in 1998 with 163 Mio m 3 (Statistisches Bundesamt 2001) the average water consumption ends up to be 688 m 3 /(ha·a). With this specific amount and the above mentioned concentrations of 50 to 54 mg N/l and 7 to 8 mg P/l it is possible to fertilize while irrigating with about 36 kg N/(ha·a) and 5 kg P/(ha·a) which seems to be only a small amount of the needed quantities of 170 kg N/(ha·a) and 26 kg P/(ha·a) (Könemann 2003) . But the average number is misleading. Even in Germany -with in general seldom need for irrigation -the maximum number reported is a specific irrigation water amount of 5,500 m 3 /(ha·a) which translates in about 285 kg N/(ha·a) and approximately 43 kg P/(ha·a)). In that case the soil would have been over-fertilized with nitrogen and phosphorus, including the risk of entering as nitrate in the groundwater.
Thus the ratio between water and nutrient demand is important and has to be considered and controlled. In that respect the different needs of different plants are important. Table 1 depicts some annual nitrogen and phosphorus application rates for a variety of fruits and vegetables.
Depending on climate, plant, soil and irrigation system it is possible to substitute the whole fertilizer demand by using treated municipal wastewater for irrigation. Hence it is important to treat the wastewater for irrigation depending on the regional and seasonal conditions and to avoid entry of fertilizer to the groundwater body.
Concept of activated sludge treatment with seasonal different operation modes
General considerations
Although a number of different possibilities exist to treat wastewater the following will focus on the activated sludge process. And although a variety of different water quality parameters have to be observed, this paper will concentrate only on the nutrient nitrogen.
In the presented concept suitable for different operation modes in summer and winter, the mechanical treatment, consisting of screens, grit chambers and preliminary clarification, remains unchanged to conventional wastewater treatment plants. A short preliminary clarification time (30-45 min) is advantageous when denitrification in winter is required. Chemical precipitation of phosphorus rather than enhanced biological phosphorus removal (EBPR) is recommended, considering higher flexibility and the slow re-start of enhanced biological P-removal. Because of the very slow growth rate of the nitrifying bacteria, a P. Cornel and B. Weber special operation mode is compulsory. For economic reasons, of the requirements for different seasonal operations in the wastewater treatment, only large treatment plants of more than 100,000 population equivalents are considered.
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Example wastewater treatment plant
Here the example treatment plant is designed for 500,000 population equivalents, a flow rate of 75,000 m 3 /d and loads after primary sedimentation of 22,500 kg BOD/d, 45,000 kg COD/d and 5,000 kg N/d. The MLSS-content in the activated sludge tank should be about 3.5 g/l. The treatment plant was designed in accordance to German guidelines of the ATV-DVWK A 131/2000. The treatment plant was designed to ensure N-removal down to 12°C. For the activated sludge tanks a total volume of 60,000 m 3 is calculated (20,000 m 3 for denitrification, 40,000 m 3 for nitrification) with a sludge age of 9.5 days at 12°C. The wastewater treatment plant has three equal lines. In summer months at water temperatures > 18°C and without specific N-removal, a sludge age of less than 2 days would be sufficient which results in a volume of less than 12,600 m 3 by a MLSS-content of 3.5 g/l (see Figure 1) . Figure 1 shows the minimum sludge residence time (SRT) for nitrification and nitrification/denitrification at different temperatures according to the German standard ATV-DVWK A 131/2000. The added correlation for "C-removal" characterises the sludge residence time long enough for a almost complete C-degradation but short enough to avoid nitrification. This correlation was calculated using the reciprocal growth rate for the nitrifying bacteria.
With respect to seasonal operation two operation modes are possible in principal: 1. Operation with N-removal by operating all lines at sludge ages above the required minimum sludge age for nitrification/denitrification 2. Operation without nitrification/denitrification at sludge ages according to the solid line in Figure 1 The main challenge is the transition between the two operation modes, thus restarting Nremoval after several months without nitrifying. The lack of nitrifying bacteria will prevent a fast re-start of nitrification because of the slow growth rate. Therefore we suggest keeping the nitrifying bacteria in one line (line 1) by operating this line in the mode with nutrient removal, whereas line 3 is shut down and line 2 is operated at a low sludge age to remove COD. The third line (line 3) can be used as a storage tank to equalize the daily fluctuations in inflow and water demand as well as reaction-zone for disinfection (Figure 2 ). Thus during the vegetation period, the WWTP is operated as follows:
Line 1: With nutrient removal (removal of C, N and P (optional)) Line 2: Without extra nutrient removal (only C-removal) Line 3: Storage, equalization and reaction zone for disinfection (optional) To enable the described operation modes, independent controllable lines are required, each with its own recirculation of return-sludge.
One of the advantages of such a way of operation is that different nitrogen and phosphorus concentrations can be reached by mixing the effluents of lines 1 and 2. Thus a desired fertilization is possible. In Figure 2 a plant scheme at vegetation period is shown.
Three lines are enough in order to achieve the operational adjustments necessary. Line 1 (with a MLSS-concentration of 3.5 g/l) receives 1/3 of the inflow, line 2 2/3 of the inflow with a MLSS-concentration of about 2.5 g/l. The calculated effluent concentrations for ammonium-N and nitrate-N are 2 mg/l and 8 mg/l based on pre-denitrification with a recirculation rate of 4.2 in line 1 and 43 mg NH 4 -N/l and 0 mg NO 3 -N/l in line 2 (calculated with Simba ® , see below).
The more lines there are, the more flexible and appropriate the way of operation can be for a given situation. The disadvantages of this treatment plant configuration is the more complicated infrastructure in the form of single adjustable lines with individual sludge recycle systems.
After the irrigation period, the operation mode has to be switched to N-removal in all three lines. This comprises two steps: 1. At first, line 3 has to be put back to operation by
• transferring surplus sludge from line 2 for two to three days in tank 3 while aerating;
• reconnecting the secondary clarifier to line 3 and feeding line 3 with 1/3 of the influent. After these measures lines 2 and 3 have a MLSS concentration of about 2.5 kg/m 3 , e.g. enough for C-removal but with no or very little concentration of nitrifying bacteria, while line 1 remains unchanged running with nitrification and denitrification 2. Secondly, line 2 and 3 have to be enabled for N-removal
The fastest way to increase the population of nitrifying bacteria is to add the daily excess sludge from line 1 to lines 2 and 3 for about 10 days. To verify the effect of these consideration the wastewater treatment plant was simulated with Simba ® , a software tool for modelling wastewater treatment plants. The mathematical fundamental of this software is the Activated Sludge Model 1 (ASM1) developed from IAWQ (Henze et al., 1987) .
The fractionation of the inlet COD was chosen according to Bornemann et al. (1998) , which is the normal fractionation after a preliminary clarifier. The flow rate is assumed to be constantly 75,000 m 3 /d, the total N concentration at aeration tank inflow was fixed to 67 mg/l and the COD concentration to 600 mg/l. The water temperature was fixed to 18°C.
As starting conditions the MLSS concentration of line 1 was assumed to be 3.5 kg/m 3 , the MLSS concentration of line 2 and 3 was 2.5 g/l. (Line 1 with nitrifying bacteria, lines 2 and 3 without nitrifying bacteria.) Each line obtain 1/3 of the total inflow. The effluent concentration of NO 3 -N was calculated according to the pre-denitrification process with a recycle rate of 4.2. Figure 3 shows the simulated effluent concentrations of lines 2 and 3 respectively for two different conditions. Run 1 simulates the effluent concentration while adding daily the excess sludge of line 1 to the aeration tanks 2 and 3. Initially the concentration in the effluent is increasing, because biomass, in this case the heterotrophic bacteria, dies off. This effectuates the hydrolysis and the re-dissolution of the incorporated nitrogen. Because of the slower growth of the autotrophic bacteria the nitrogen concentration first increases. After a few days there are enough autotrophic bacteria in the tank to oxidise ammonia and after 10 days the Ammonium-N concentrations reaches its final effluent concentration of 2 mg NH 4 -N/l. The denitrification is "spontaneous", resulting in an effluent concentration of 8 mg/l.
Run 2 shows the results without adding excess sludge of line 1. Because of the lack of nitrifying bacteria the re-start needs than almost 30 days.
The time requirement for restarting nitrification depends strongly on temperature. Figure 4 depicts that at water temperatures above 25°C full nitrification will be achieved after 5 and 10 days respectively, whereas with decreasing temperature the gap between the two described approaches opens widely. At 15°C full nitrification is reached after 15 days by adding nitrifying surplus sludge of line 1 while without adding this sludge it takes 4 times longer to achieve full nitrification.
The transition from winter to summer operation mode seems easier. Line 3 has to be shut down while 2/3 of the inflow is directed to line 2 and the MLSS-concentration will be reduced. Accordingly the secondary clarifier of line 3 has to be coupled to line 2 again. Subsequently tank 3 has to be emptied by pumping the MLSS in line 2. The period of time for this measure depends mainly on the time requirements for removing the extra excess sludge.
Conclusions
The scarcity of water in several regions makes water reuse for irrigation inevitable. The specific amount of irrigation water depends on climate, crops, soil and other boundary conditions. As it makes sense to use the nitrogen and phosphorus of the water as fertilizers, the concentrations of the nutrients have to be controlled to avoid over fertilization and possible groundwater contaminations. It is shown, that either the specific water requirement of the irrigated farmland or the nutrient content of the irrigation water is the limiting factor for the specific water amount. Thus new strategies for operating WWTP need to be implemented. As the irrigation period is usually limited to the vegetation period, the treatment should offer the possibly to adjust the nutrient concentration in the irrigation water. This could be done, by operating parallel lines differently, according to N-and P-removal and blending the treated water. As the nutrient and water requirements change seasonally, the treatment plant has to be operated seasonal differently either. An example has been shown for a activated sludge treatment plant of 500,000 population equivalent. As outside the irrigation period the plant is operated with nitrification/denitrification and phosphorus precipitation (optional) in three parallel lines, the lines are operated differently within the vegetation period. While one line treating 1/3 of the incoming water is still operated with nitrification/denitrification, a second line -treating 2/3 of the water -is operated without N-removal. In combination with the first line, this offers the opportunity to adjust the Nconcentration in irrigation water as desired.
The third aeration tank serves in summer as storage and equalization tank or can be used as reaction zone for disinfection.
As nitrification is the most sensitive biological process in the aerobic waste water treatment process, operation options for a fast restart of nitrification after a not nitrifying period were investigated. Within the example calculation it has be shown, that the time for achieving full nitrification could be cut by a factor of 2 to 4 by adding nitrifying surplus sludge. The time requirements strongly depend on temperature.
The presented data show how flexible a three line activated sludge plant can be operated in respect of the nutrient content of the produced irrigation water and in respect of seasonally varying requirements.
